ABSTRACT
INTRODUCTION
The fluctuations in magnetized plasmas range from small amplitude microturbulence to large amplitude MHD behavior. While microturbulence is of critical importance to basic transport physics, taming of the large MHD fluctuations ultimately responsible for the disruption of current driven toroidal plasmas is also of critical importance for the stability limit of the discharges. Both fluctuations impact the eventual realization of magnetic fusion energy.
Recently, significant experimental progress has been made in suppressing micro-turbulence and harmful MHD modes leading to disruptions, thereby simultaneously achieving improved confinement and higher stability limit. Also, the theoretical understanding of plasma turbulence and MHD physics has been greatly enriched with the help of the rapid advancement of computer technology, which, for example, has made it possible in extensive simulations to reveal elegant three-dimensional (3-D) structures of plasma turbulence 1, 2 and MHD phenomena 3 . Diagnostic systems for fluctuation measurements in plasmas have, of necessity, evolved from simple 1-D systems to multi-dimensional systems due to the complexity of the turbulence physics of plasmas, as illustrated by advanced numerical simulations. Utilizing the recent significant advancements in millimeter wave imaging technology 4 , Microwave Imaging Reflectometry (MIR) 5 and Electron Cyclotron Emission Imaging (ECEI) 6 , which simultaneously measure density and temperature fluctuations, have been developed for the study of TEXTOR tokamak plasmas. Extensive testing of the optical system for MIR/ECEI was established with known targets (corrugated metal surfaces) 4, 7, 8 prior to the installation on TEXTOR. The first MIR test experiment was successfully performed in September, 2003. Subsequent MIR campaigns have yielded poloidally resolved spectra and assessments of the poloidal phase velocity of turbulent structures. In the previous generation ECEI systems 6, 9 , the measurements were essentially 1-D 10 , which enable multiple radial measurements for each vertical detection array simultaneously. The new ECEI system with a total of 128 channels, installed on TEXTOR in December, 2003, captured true 2-D image of m=1 mode ("sawteeth" oscillation) near the q~1 ("inversion radius"), for the first time. In this paper, a brief system description of the ECEI/MIR system is given in Sec. 2. Characteristics of the new ECEI system together with the 2D imaging data of m=1 oscillation is provided in Sec. 3. The results of recent experimental campaigns using the MIR system on TEXTOR plasmas are presented in the last section.
MIR/ECEI SYSTEM ON TEXTOR
A detailed description of the TEXTOR ECEI/MIR system for can be found in many references 4, 5, 7, 8 . For TEXTOR plasmas, like other tokamaks, the ECE frequency is a monotonically decreasing function of plasma major radius R as
as illustrated in Fig. 1 , in which the characteristic frequencies are plotted for nominal plasma parameters. Both systems operate in a similar microwave range (the MIR frequency range is ~88 GHz and ECEI ranges from 95 to 130 GHz for TEXTOR). Consequently, it is feasible to combine the two systems which utilize state-of-the-art millimeter-wave planar imaging arrays positioned at the focal point of the detection system to form an image. Both MIR and ECEI systems share large systems. In this system, the primary components (poloidal and toroidal mirrors) of a microwave optical system are shared between the ECEI and MIR subsystems, with each subsystem using a dedicated high-resolution multichannel detector array based on the dual dipole antenna array which has significantly better antenna patterns and superior sensitivity compared with the previous generation detection arrays based on slot bow-tie antenna. A 3-D diagram of the TEXTOR combined system is shown in Fig. 3 , including the TEXTOR tokamak, the primary focusing mirrors, and the two diagnostic subsystems.
In an imaging diagnostic, it is essential to make use of as large an acceptance aperture as possible. In the TEXTOR system, the limiting aperture occurs at the vacuum window, which is 42 cm high, 30 cm wide, located 57 cm from the plasma boundary. All other optics have been adapted to make use of the full window aperture.
The primary difference between the configuration of the MIR and ECEI subsystems is that the MIR system has the added complication of the probing beam. In order to maximize the robustness of the collection optics to details of the plasma profile, the probing beam is focused at the center of the radius of curvature of the cutoff surface, so that the incident wavefront matches 
ELECTRON CYCLOTRON EMISSION IMAGING (ECEI)
Electron cyclotron emission measurements have been routinely used to measure profiles 13 and fluctuations of electron temperature of the plasmas such as sawteeth oscillations, 14, 15 in magnetized toroidal plasmas since 1974. In a conventional ECE radiometer, a horn antenna receives the ECE radiation at the outboard side, which is separated into different frequency bands, each corresponding to a different horizontal location in the plasma as illustrated in Fig.   4a . A number of efforts have been directed toward techniques aimed at obtaining 2-D T e profile measurements by ECE. In JET, several ECE radiometers were constructed and configured to measure the plasma along different angles. 16 Another way to project 2-D T e profile relies on the assumption that the plasma rotates poloidally as a rigid body; therefore, the time variations measured by a 1-D ECE system near the plasma mid-plane can be interpreted as poloidal variation 14, 15 . Important experimental results regarding plasma equilibrium 16 and MHD fluctuations 14, 15 have been obtained using this approach.
In the ECE Imaging approach, the single antenna of a conventional heterodyne ECE radiometer is instead replaced by an array of antennas, using large diameter optics to image the plasma onto the array, which transforms the 1-D radiometer into a 2-D imaging diagnostic as shown in Fig. 4b . ECE radiation is collected and imaged onto a mixer/receiver array comprised 6, 9 .
The success of ECEI is due, in large part, to its ability to form high resolution T e images. For the ECEI measurements performed thus far on tokamaks, the compact imaging array, the large horizontal port, as well as the large aperture imaging optics all contribute to achieve the superior spatial resolution of the ECEI system in the transverse direction of the sightlines.
18,19
The key is to match the desired Gaussian beam pattern in the plasma to the antenna reception angle.
Horizontally, the sample volume size is limited by the RF bandwidth as well as the radiation bandwidth which arises from the magnetic field gradient, Doppler broadening, and relativistic broadening. 18, 19 In the various ECEI systems developed to date, the characteristic sample volumes (1/e power) were ~1 cm in both the radial and poloidal directions. Figure 5a illustrates the optical layout of the TEXTOR ECEI system and vertical extent of focal plane when it is aimed at a layer close to the q~1 surface ("inversion radius"). The position of the image plane with a similar vertical extent can be varied by adjusting the first lens close to the substrate lens for the detector array and an example for a field of view close to the q~3 surface is shown in Fig. 5b . As demonstrated, the vertical image height does not change This can be corrected in the data analysis with readily obtainable density profiles in most machines, since the sightlines in vacuum are accurately measured.
In the new ECEI system installed on TEXTOR, a multi-frequency heterodyne receiver is Since the radial resolution is limited to ~6 cm near the core, radial extensions of the image can be obtained by varying either the toroidal field or the LO frequency on a shot-to-shot basis. Since the system is not currently absolutely calibrated, the measured voltage of each channel (proportional to the local electron temperature) is normalized to the average value and the ratio is multiplied to T e (r) profile measured by Thomson scattering. In order to reduce the noise level further, ~10 identical "sawteeth" oscillations are averaged. The sequence of "sawteeth" crash is clearly illustrated in Fig. 7 . Note that inversion radius drawn here may not be an accurate quantity due to lack of current profile measurement (q~1). Here, the hot island approaches the inversion radius and reconnects to the magnetic surface of the inversion radius at the low field side without high poloidal number ballooning mode. After the reconnection process is completed, heat spreads in the mixing zone along the inversion radius while the cold island sets in inside of the inversion radius. Here, the crash time is ~150 µsec and one period of m=1 mode is ~170 msec. The reconnection process shown here is similar to the "x-point like" magnetic reconnection and supports the concept of local reconnection (poloidally and toroidally) theory in the lower field side without ballooning characteristics. In order to visualize the heat transfer out of the inversion radius to the mixing zone, a sequence of the heat transfer processes is illustrated with "x-point reconnection" which may be slightly different due to the variation of magnetic fields. A detailed understanding of the m=1 mode oscillation will be our immediate goal as soon as the core current profile measurement is available together with other important diagnostic information on TEXTOR. While a detailed physics study of m=1 mode reconnection process is in progress, the current ECEI system with a relatively small image but with high spatial resolution is ideal for the study of smaller magnetic island structures such as Neoclassical
Tearing modes (NTM) and Double tearing mode which are harmful MHD phenomena for plasma stability near the q~2 surface.
In previous ECEI systems, the LO frequency was varied to accommodate experimental measurment, which gives rise to difficulties in system sensitivity calibration. This is important for temperature profile measurements, and a number of different methods were applied. 21 However, since the relative temperature fluctuation measurements do not depend on the sensitivity, the difficulty of calibration does not affect the application of ECEI in measuring the frequency and wavenumber spectra, as well as the relative fluctuation amplitude of T e fluctuations. In the new ECEI system for TEXTOR, a fixed frequency LO source is utilized, so that the sensitivity can be conveniently calibrated using the standard hot-cold load technique as employed for conventional radiometers. This independently calibrated ECEI system may be applicable to the study of plasmas with non-Maxwellian electron distribution functions.

MICROWAVE IMAGING REFLECTOMETRY (MIR)
In contrast to the ECEI system, the MIR system is more complex and sophisticated, as noted in the previous section. Prior to the commissioning of the MIR system on TEXTOR, an 7, 8 , verifying the system optical performance. Through several experimental campaigns on TEXTOR, many tests were performed to ensure that the performance of the system satisfied the design specifications.
A time history of one of the central MIR channels is illustrated in Fig.8 , together with the plasma density profile evolution which is closely tied to the motion of the cut-off layer. For the earlier part of the discharges, the quadrature signal has well defined phase information with relatively small amplitude modulations. As the plasma density is increased, the level of amplitude modulation is increased as indicated in the quadrature signal. Except for one nonworking channel (due to a bad diode), all 15 channels revealed similar characteristics.
Using the measured spectra from the MIR system, a preliminary spectral analysis was performed, as shown in with respect to the separation distance of the imaging spots for all channels. 
